We previously developed radioimmunoassays (RIAs) for digitoxin and digoxin using antisera raised against digitoxin 3'-hemisuccinate-bovine serum albumin and digoxin 3'-hemisuccinate-bovine serum albumin conjugates, respectively. Very recently, we converted the RIA for digoxin to an enzyme immunoassay (EIA) system. Here, we aimed to convert the RIA for digitoxin to an EIA suitable for measuring serum digitoxin level in patients, using digitoxin 3'-hemisuccinate-β-D-galactosidase as an enzyme-labeled antigen. The developed EIA showed a quantification range of 1 to 70 ng/mL and exhibited high specificity for digitoxin, with low cross-reactivity to digitoxin metabolites. Compared with a commercial anti-digitoxin antiserum clinically used to monitor serum digitoxin level in patients, our antiserum showed much higher specificity for intact digitoxin. Intra-and inter-assay variations were less than 10.0% and 8.5%, respectively. Recovery was within the range of 93.7% -107.5%. Mean digitoxin concentrations measured in serum samples (n = 26) from digitoxin-treated patients by EIA using our new antiserum and the commercial anti-digitoxin antiserum were 11.0 and 13.8 ng/mL, respectively. The present EIA, which is superior to RIA in terms of convenience and disposal of waste materials, is expected to be practically useful for clinical monitoring of intact digitoxin in serum.
Introduction
Digitalis glycosides, such as digitoxin and digoxin, are used clinically to treat congestive heart failure and atrial fibrillation. Digitoxin is a secondary glycoside in Digitalis purpurea L. Digitoxin can be prescribed even in patients with impaired renal function, since it is mainly metabolized in the liver, whereas digoxin is predominantly eliminated by the kidney. Therapeutic monitoring of digoxin is important, because the effective concentration range in serum is low and narrow (range: 10 to 20 ng/mL). Symptoms of digitalis poisoning, such as atrial tachycardia and vomiting, may appear at serum levels over 20 ng/mL. Thus, control of the serum level is critical, and monitoring of digitoxin in patients' serum has generally been performed with immunoassay. The antisera used in immunoassay are mostly produced by immunization with hapten-carrier protein conjugates [1] [2] . Digitoxin differs from digoxin in the absence of a hydroxyl group at the C-12 position, and administered digitoxin is metabolized to digoxin and other products in the body (Figure 1 ) [3] - [8] . However, the specificity of these immunoassays for intact digitoxin is relatively poor.
To obtain a highly specific antibody, the binding position of the hapten to the carrier protein is critical. Shimada et al. [9] and Thong et al. [10] used conjugates in which the hapten was linked to the carrier protein at the C-12 (or C-17) and C-22 positions of digoxin, respectively. However, these antisera exhibited high cross-reactivity with dihydrodigoxin, one of the metabolites of digoxin. We subsequently prepared digitoxin-bovine serum albumin (BSA) linked at the digitoxose C-3' and C-3" positions for use in radioimmunoassay (RIA) [11] [12] . Antiserum raised against digitoxin 3'-hemisuccinate-BSA (Antiserum-A) showed much higher specificity for intact digitoxin than did commercially available anti-digitoxin antiserum (Antiserum-B). We used these antisera for pharmacokinetic studies of digoxin in rats, and for measuring digoxin and digitoxin levels in human serum by RIA [13] - [17] . However, RIA requires special facilities and involves waste disposal problems. On the other hand, several assay methods for digitoxin in biological samples have been developed using liquid chromatography/ mass spectrometry [18] - [21] , but these techniques are quite complex, and require expensive equipment. Therefore, we set out to develop a convenient EIA system for intact digitoxin.
Very recently, we prepared digoxin 3'-hemisuccinate-β-D-galactosidase as an enzyme-labeled antigen from digoxin 3'-hemisuccinate p-nitrophenyl ester, and established an enzyme immunoassay (EIA) for digoxin [22] . The assay was based on hydrolysis of 4-methylumbelliferyl-β-D-galactopyranoside as a substrate to generate a fluorescent product (4-methylumbelliferone), and was suitable for precise measurement of digoxin in the range of 0.5 to 2 ng/mL. Here, we aimed to develop a similar EIA for digitoxin, using digitoxin 3'-hemisuccinate-β-D-galactosidase prepared from digitoxin 3'-hemisuccinate p-nitrophenyl ester as an enzyme-labeled antigen. Since the therapeutic level of digitoxin (10 to 20 ng/mL) is about 10-fold higher than the level of digitoxin (0.5 to 2 ng/mL), we expected that it would be feasible to use widely available ultraviolet and visible light (UV-Vis) absorption spectrophotometric apparatus to detect visible light absorption of o-nitrophenol produced in the enzyme reaction. We compared the digitoxin levels measured with the two EIAs in serum of digitoxin-treated patients, and confirmed that EIA using our Antiserum-A was superior to EIA using Antiserum-B in terms of specificity for intact digitoxin.
Materials and Methods

Materials
Digitoxin, β-D-galactosidase (EC 3.2.1.23) from Escherichia coli, and o-nitrophenyl-β-D-galactopyranoside were obtained from Wako Pure Chemical Industries (Osaka, Japan). Digoxin was obtained from Aldrich (Milwaukee, WI, U.S.A.). Spironolactone, BSA (fraction V), anti-rabbit IgG antiserum raised in goat, and anti-digoxin antiserum were from Sigma Chemical Co. (St. Louis, MO, U.S.A.), and dihydrodigitoxin and dihydrodigoxin were from Boehringer Mannheim (Mannheim, Germany). Sephadex G-25 and G-100 were purchased from Pharmacia Fine Chemicals (Uppsala, Sweden). Digitoxigenin, digitoxigenin monodigitoxoside, digitoxigenin bisdigitoxoside, digoxigenin, digoxigenin monodigitoxoside, and digoxigenin bisdigitoxoside were prepared by hydrolysis of digitoxin and digoxin according to the methods of Kaiser and co-workers [23] .
Preparation of β-D-Galactosidase-Labeled Antigen (Figure 2)
Digitoxin 3'-hemisuccinate p-nitrophenyl ester was prepared from digitoxin 3'-hemisuccinate, according to our previous work [16] . Conjugation of β-D-galactosidase was carried out in the same manner as described previously in connection with our establishment of an EIA for β-methyldigoxin using anti-β-methyldigoxin 3'-hemisuccinate-BSA antiserum and for digoxin using anti-digoxin 3'-hemisuccinate-BSA antiserum [22] [24]. Briefly, a solution of digitoxin 3'-hemisuccinate p-nitrophenyl ester (7.0 mg) in dioxane (1.5 mL) was incubated with a solution of β-D-galactosidase (2.2 mg) in 1 mL of 0.05 mol/L phosphate buffer (pH 9.0) for 4 h at 4˚C. The reaction mixture was chromatographed on a Sephadex G-25 column (45 × 1.5 cm i.d.) with 0.05 mol/L phosphate buffer (pH 7.0) as the mobile phase. Fractions (each 2.5 mL) representing the main peak of the enzyme activity were combined and further subjected to Sephadex G-100 column (45 × 1.5 cm i.d.) chromatography with 0.05 mol/L phosphate buffer (pH 7.0) as the mobile phase. Fractions representing the main peak of the enzyme activity were used as the labeled antigen in EIA. The presence of steroid structure was confirmed by thin-layer chromatography with CHCl 3 −MeOH−AcOH (90:10:0.8, v/v), using concentrated H 2 SO 4 spray for detection. The results confirmed the formation of enzyme-labeled antigen (digitoxin 3'-hemisuccinate-β-D-galactosidase).
EIA Procedure
EIA is based on the principle of competition between enzyme-labeled and unlabeled drugs for an antibody, followed by measurement of the marker enzyme activity of the immunoprecipitate. Phosphate-buffered saline for EIA was adjusted to pH 7.3 by addition of a solution containing NaH 2 PO 4 (3.9 g), NaCl (4.5 g), NaN 3 (0.5 g), MgCl 2 (0.005 g), and BSA (0.5 g) in H 2 O (500 ml) to a solution containing K 2 HPO 4 (8.7 g), NaCl (9.0 g), NaN 3 (1.0 g), MgCl 2 (0.01 g), and BSA (1.0 g) in H 2 O (1000 mL). An aliquot of 0.1 mL of digitoxin (2.1 to 600 ng/mL) in phosphate buffer was added to drug-free serum (0.3 mL, serum digitoxin concentration of 0.7 to 200 ng/mL). An aliquot of 0.1 mL of digitoxin-free phosphate buffer was added to an aliquot of patient's serum (0.3 mL). These mixtures were used for the assay. A mixture of sample (0.4 mL), synthetic enzyme-labeled antigen in phosphate-buffered saline (0.1 mL, diluted 1:1200), and diluted Antiserum-A (0.1 mL, 1:28800) or Antiserum-B (0.1 mL, 1:9000) was incubated for 4 h at 4˚C. An aliquot of 0.2 mL of goat anti-rabbit IgG antiserum (1.67%) and 0.1 mL of normal rabbit serum (1%) were added, and the mixture was left to stand for 16 h at 4˚C, and then centrifuged at 1600 × g for 20 min. The supernatant was aspirated, and the immunoprecipitate was washed twice with 1 mL of phosphate-buffered saline. The activity of enzyme conjugate bound to each tube was measured by the addition of 1 mL of o-nitropheny-β-D-galactopyranoside (0.24%), followed by incubation of the tubes at 37˚C for 3 h after pre-incubation with 1 mL of 10% ethylene glycol in phosphate-buffered saline solution at 37˚C for 3 min. The enzyme reaction was stopped by addition of 1 mL of Na 2 CO 3 solution (2 mol/L) to each tube, and o-nitrophenol formed was quantitated by measuring the absorbance at 420 nm with a UV-Vis absorption spectrophotometer (UV-1200, Shimadzu, Kyoto, Japan).
Cross-Reaction Study
We determined the specificities of Antiserum-A and Antiserum-B by calculating the percentage cross-reactivity with various compounds. Cross-reactivity was determined according to the above-mentioned assay procedure, by comparing the concentrations of digoxin and test compounds necessary for 50% displacement of the antibody-bound enzyme-labeled digitoxin.
Results and Discussion
Standard Curve
The standard curve of digitoxin in homologous assay with Antiserum-A is presented in Figure 3 . The plot of percent bound fluorescence intensity vs. logarithm of the concentration of non-labeled digitoxin showed a quantification range of 1 to 70 ng/mL. On the other hand, the standard curve of digitoxin using Antiserum-B gave a narrower quantification range of 2 to 40 ng/mL. Thus, Antiserum-A is superior to Antiserum-B in terms of quantification range and lower limit of quantitation.
Cross-Reactivity
The specificities of Antiserum-A and Antiserum-B were assessed by means of cross-reaction assays with various related compounds. The percentage cross-reactivity was calculated at 50% displacement of the antibody-bound labeled digitoxin, and the results are listed in Table 1 . Antiserum-A showed high specificity for digitoxin, exhibiting low cross-reactivity with dihydrodigitoxin (19.3%), digoxin (6.19%), digoxigenin bisdigitoxoside (2.05%), digitoxigenin bisdigitoxoside (1.95%), and dihydrodigoxin (1.33%). Further, there was little cross-reactivity with digoxigenin monodigitoxoside (0.70%) or digitoxigenin monodigitoxoside (0.14%). In contrast, Antiserum-B exhibited considerable cross-reactivity with digitoxigenin (162%), digitoxigenin bisdigitoxoside (129%), digitoxigenin monodigitoxoside (54.2%), and digoxigenin bisdigitoxoside (29.3%), although it showed low cross-reactivity with digoxin (7.98%), dihydrodigoxin (6.68%), digoxigenin (5.11%), and digoxigenin monodigitoxoside (1.99%), and had no significant cross-reactivity with dihydrodigoxin (0.09%). Other compounds tested exhibited negligible cross-reactivity (<0.05%) with both antisera. Thus, Antiserum-B showed high cross-reactivity with metabolites formed by successive cleavage of digitoxose residues, being greatly inferior to Antiserum-A for monitoring of intact digitoxin. In our previously developed RIA, Antiserum-A also showed high specificity, exhibiting low or no significant cross-reactivity with various digitoxin metabolites [12] . In contrast, Antiserum-B possessed much lower specificity for digitoxin, exhibiting high levels of cross-reactivity with digitoxin metabolites. In the present EIA, the high specificity of our Antiserum-A observed in RIA was well retained.
Validation of EIA
As shown in Table 2 , to investigate the precision of the EIA, we examined the intra-and inter-assay reproducibility (n = 7) for human serum spiked at 5, 10, 20, and 40 ng/mL by means of homologous assay using Antiserum-A, which had the highest selectivity for digoxin. The intra-assay coefficient of variation was in the range of 3.8% to 10.0%, and the recovery was 96.0% to 107.3%. In the inter-assay study, the range of standard deviation was 6.9% -8.5%, and the recovery was 93.6% -102.0%. These data show that the EIA using digitoxin 3'-hemisuccinate-β-D-galactosidase and Antiserum-A gave satisfactory precision and accuracy.
Interference by Digitoxin Metabolites
It is well known that digitoxin is metabolized to the bisdigitoxoside, monodigitoxoside, and genin by cleavage of sugar moieties [6] . In addition, digitoxin is metabolized to digoxin and its degradation products by C-12 hydroxylation and to dihydrodigitoxin by reduction of the double bond in the lactone ring [7] [8] . As shown in Table 3 , we investigated whether digitoxin metabolites interfered with the assay in human serum. Each metabolite was added to human serum at a ratio of 10% to digitoxin, and a recovery test was performed. The recovery ratios using Antiserum-A at 5, 10, and 20 ng/mL were within the range of 109.0% -112.4%. In contrast, those using Antiserum-B at 5, 10, and 20 ng/mL were within the range of 176.0% -183.6%. These results indicate that the interference by digitoxin metabolites was significant in the case of Antiserum-B, but was greatly reduced with Antiserum-A.
Digitoxin Concentration in Serum of Digoxin-Treated Patients
Serum samples (n = 26) obtained from digitoxin-treated patients were examined by EIA using Antiserum-A, and the assay performance was compared with that of EIA using Antiserum-B (Figure 4) . When Antiserum-A was used, the mean digoxin concentration was obtained as 11.0 ng/mL (range: 1.3 to 19.5 ng/mL). When the same samples were measured with Antiserum-B, the mean value of digoxin was 13.8 ng/mL (range: 3.9 to 28.0 ng/mL). When a straight line passing through the origin of the coordinates was calculated by least squares method, the ratio of concentrations obtained by EIA using Antiserum-A to those using Antiserum-B was 0.7914. We consider that the values obtained using Antiserum-B were higher than those obtained using Antiserum-A because of the greater cross-reactivity of Antiserum-B with digitoxin metabolites, i.e., Antiserum-A measures predominantly intact digitoxin, while Antiserum-B measures both intact digitoxin and its metabolites. The results also suggest that there are marked inter-individual differences between patients with regard to metabolism of digitoxin to form digoxigenin, its mono-and bisdigitoxosides, and dihydrodigoxin. Our previously reported Table 2 . Recovery of digitoxin by EIA using Antiserum-A. EIA for digoxin using a specific antiserum produced in our laboratory showed that the ratio of the concentrations obtained by EIA using this antiserum to those using commercially available antiserum for digoxin was 0.9232. From the above data, it is considered that the present EIA using Antiserum-A is less susceptible to interference by digitoxin metabolites and related compounds. This is important, because digitoxin is readily metabolized in the body.
Conclusion
We have established and validated an EIA with high specificity for digitoxin over its metabolites by using digitoxin 3'-hemisuccinate-β-D-galactosidase as an enzyme-labeled antigen and Antiserum-A as a specific antiserum, based on our previously established RIAs for digoxin and digitoxin. The developed EIA measures intact digitoxin with high specificity, and should be suitable for pharmacokinetic studies and therapeutic monitoring. Antiserum-A may also be a candidate for treatment of digitoxin overdose.
